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Economic
Model ( the current day, current soil moisture level, and also consider restrictions imposed by well yield. 146 Given simulated groundwater pumping, SPIDERR then is executed to update aquifer heads 147 and well yields for the start of the next simulation day. AquaCrop and SPIDERR continue to 148 perform daily time-steps and exchange data in an iterative manner until the start of the grow-149 ing season in the following simulation year. This process is repeated until the end of the full 150 simulation period is reached, enabling analysis of the dynamic co-evolution of the coupled agri-151 cultural groundwater system over space and time. The optimization approach used to determine a farmer's joint choice of extensive and 168 intensive margin decisions is based on the model developed by Foster et al. [2014, 2015a] . For 169 each joint decision, we run AquaCrop (Section 2.3) using historic weather time series to pre-170 simulate distributions of crop yields and irrigation requirements that account for the impacts 171 of interannual weather variability. A unique version of each distribution is also pre-simulated 172 for different constraints on the maximum daily irrigation rate. Importantly, this enables the sub-173 sequent economic optimization to capture the effects of well yield on farmers' pre-season pro-174 duction decisions. Low well yields, in particular, constrain significantly instantaneous irriga-175 tion capacity, and previous research has shown that this may create incentives for farmers to 176 reduce irrigated area in order to mitigate resulting production risks [Foster et al., 2014 [Foster et al., , 2015a .
177
The pre-simulated estimates of crop yield and irrigation requirements, along with eco-178 nomic data describing input and output prices, are used to calculate expected distributions of 179 total seasonal profits (Equation 1) and irrigation water use (Equation 2) for each possible joint 180 production decision. These calculations consider two feedbacks with the modeled groundwa- 181 ter system. First, the current water table depth determines the energy required to pump ground-182 water and, therefore, the variable cost of irrigation. Second, well yield affects crop yield and 183 irrigation requirements as described above. Well yield also has small effects on the variable 184 cost of irrigation, as, for low well yields, each unit of irrigation takes longer to apply and, there- High Plains region [Klein and Wilson, 2015] . We do not consider the effects of changes in well 189 yield or water table depth on pump energy efficiency, but incorporating these dynamic feed-190 backs would be an interesting extension to our economic model in future work.
191
Π j,k,m = Π I j,k,m + Π D j,k (1)
where Π is profit ($), Y is crop yield (tonne ha -1 ), X is total seasonal irrigation (cm), V is 192 total seasonal volumetric irrigation (ha-cm), W is well yield (m 3 day -1 ), Z is total dynamic 193 head (m) that the pump must generate to lift and pressurize groundwater for irrigation, S is 194 the soil moisture target strategy, A is irrigated area (ha), A max is the total field area (ha), Θ 195 is a time-series of daily weather conditions for the growing season, p c is the crop price ($ tonne -1 ), 196 c f is the fixed production costs ($ ha -1 ), c h is the crop harvesting costs ($ tonne -1 ), 
subject to:
where A * and S * are the optimal irrigated area (ha) and soil moisture target strategy, respec-216 tively, Π is the profit ($), σ Π is the variance in profits ($), γ is the Arrow- DERR are discussed below, followed by a description of the approach used to model changes 254 in well yields.
255
A common feature of many hydro-economic studies to date has been the use of single-256 cell groundwater models, which assume that an aquifer, much like a bathtub, will respond uni-257 formly and instantaneously to extraction. Real aquifers, however, are substantially more com-258 plex, and it has been shown that this assumption may lead to large errors in estimates of pump- We apply the modeling framework described in Section 2 to a hypothetical case study 300 to illustrate the ability of our model to capture the key feedbacks influencing the co-evolution 
313
The economic model considers a single farmer who manages a typical quarter-section 314 (52.5 ha) field using a center-pivot irrigation system. As described in Section 2.2, the farmer's 315 irrigation decision has two components in our model; an extensive margin choice of the land 316 area that will be irrigated, and an intensive margin choice of the intensity of irrigation per unit 317 area of irrigated land. On the extensive margin, the farmer may divide this field between ir-318 rigated corn and dryland sorghum crops in increments of 0.5 ha. Irrigated corn and dryland 319 sorghum crops were chosen as they reflect typical irrigated and dryland crops grown in large 320 parts of the High Plains region. For the area planted with irrigated corn, the intensive margin 321 choice of a soil moisture target for each crop growth stage varies, in increments of 0.01, be-
322
-12-Confidential manuscript submitted to Water Resources Research tween 0 and 1, which equate to permanent wilting point and field capacity respectively. In-323 put and output prices for both crop types are defined in Table 1 and saturation equal to 0.137 m 3 m -3 , 0.280 m 3 m -3 , and 0.459 m 3 m -3 , respectively, and a sat-344 urated hydraulic conductivity of 372 mm day -1 . It is assumed that the soil initially is wetted 345 -13-Confidential manuscript submitted to Water Resources Research to 80% of field capacity, and that irrigation efficiency is 90% indicative of a typical high-efficiency 346 center-pivot system. Finally, a 50-year daily weather time series (minimum and maximum tem-347 perature, precipitation, reference evapotranspiration) is generated by sampling years at random 348 from the 34-year historic record.
349
In SPIDERR, we define a localized unconfined aquifer with areal dimensions of 2 km respectively, and both properties are assumed to be homogeneous. The irrigation borehole is 363 located at the center of the modeled domain, and penetrates the full thickness of the aquifer.
364
The irrigation system pressure is defined as 207 kPa (30 psi), and the maximum potential well 365 yield is restricted to 8000 m 3 day -1 to account for technical limits imposed by pump technol-366 ogy. Finally, for the sake of computational simplicity, we ignore the effects of non-linear well 367 losses and non-Darcian flow effects in the simulations, which can be included in simulations 368 performed by SPIDERR. In reality, these effects may lead to additional increases in drawdown 369 during pumping events. However, for our hypothetical case, we choose to neglect these pro-370 cesses in order to simplify our analysis and focus attention on the critical feedbacks between 371 well yield and the value of groundwater conservation, which are the primary concern of this 372 paper.
373

Model simulations 374
To test our hypothesis that initial aquifer conditions are an important determinant of re-375 turns to groundwater conservation, we run simulations for different combinations of initial sat-376 urated thickness and regulatory restrictions on annual groundwater pumping. Initial saturated 377 -14- et al., 2010; Fenichel et al., 2016] .
where N P V is the net present value ($), t is the integrated simulation year, π is the actual 392 profit ($), and d is the fractional discount rate.
393
Subsequently, the outputs from Equation 4 are used to determine the groundwater pump-394 ing restriction that maximizes net economic benefits for each initial aquifer condition. Eco-395 nomic benefits under optimal pumping quotas are compared to those predicted by our model 396 for unrestricted extraction to obtain estimates of the potential economic gains from ground-397 water conservation as a function of initial saturated thickness. Note that our model is focused 398 on the benefits of groundwater conservation for a single hypothetical farmer, and does not con-399 sider interactions with neighboring producers or the broader regional groundwater system. Fol-400 lowing the results of our analysis, we discuss these simplifications in detail in Section 5 of the 401 paper and highlight how our results can be scaled to more complex regional agricultural ground-402 water systems.
403
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Sensitivity Analysis 404
The analyses in Section 3.2 test the hypothesis that the returns to groundwater conser-405 vation are a function of initial aquifer conditions at the time pumping reductions are imple-406 mented. These analyses are conditioned, in part, on the specified non-linear feedbacks between 407 saturated thickness and the profitability of groundwater-fed irrigation, which occur via changes 408 in well yields. As a result, it is important to assess how sensitive our findings are to possible 409 variability in these relationships.
410
First, we analyze how sensitive estimates of the value of groundwater management are 411 to the rate of natural recharge to the groundwater system. Recharge rates will have a strong 412 influence on the trajectory of aquifer depletion, and also will determine the level of irrigation 413 pumping that is sustainable in the long-term. Consequently, recharge rates may be an impor-414 tant determinant of both the magnitude and timing of economic benefits from groundwater con-415 servation. We repeat the simulations described in Section 3.2 with recharge values decreased 416 to 10 mm day -1 and increased to 50 mm day -1 . Results are compared to those obtained in pre-417 vious simulations (Section 3.2) for a base recharge rate of 30 mm day -1 . 418 Second, we evaluate how our results may be affected by variability in the relationship 419 between saturated thickness and well yield. As noted in Section 2.4, this relationship is con-420 ditioned on the hydrogeological properties of the aquifer, such as hydraulic conductivity, which 421 control the amount of drawdown that occurs within a borehole for a specific rate and dura-422 tion of pumping. Figure 2 demonstrates that in low conductivity aquifers, a greater initial sat-423 urated thickness is required to sustain well yields as drawdown is concentrated in the vicin-424 ity of the borehole. In contrast, in high conductivity aquifers, larger well yields can be main-425 tained as drawdown is distributed across a wider area. We examine how these differences af-426 fect our estimates of the value of groundwater conservation by repeating the analyses described 427 in Section 3.2 for each of the three curves shown in Figure 2 . 428 Finally, we examine how our estimates of the value of groundwater conservation are af-429 fected by the sensitivity of agricultural production to reductions in well yields. In AquaCrop, 430 intraseasonal soil moisture deficits affect a range of simulated growth processes, including leaf 431 expansion, stomatal conductance, canopy senescence, and pollination. Water stress begins to 432 limit each process when root zone soil moisture depletion exceeds a specified upper thresh-433 old, and fully inhibits the process when depletion is equal to our greater than a specified lower of total available water, defined as the water held between field capacity and permanent wilt-436 ing point within the root zone. We construct three parameter sets that represent the plausible 437 range of upper and lower water stress thresholds for corn (Table 2) Our results demonstrate that the value of restricting agricultural groundwater use is a highly 452 non-monotonic function of initial aquifer conditions, with value increasing and then decreas-453 ing as initial saturated thickness is reduced. Figure 3a the aquifer already has been heavily depleted (initial saturated thickness less than 12 m). How-460 ever, within these upper and lower bounds, Figure 3a shows that there is potential to gener-461 ate large economic gains by restricting levels of groundwater abstraction. The peak in economic 462 gains occurs for an initial saturated thickness of 22 m, for which optimal regulation of pump-463 ing increases discounted economic benefits by 15.4 % over the 50-year planning period. The 464 specific pumping quota that maximizes economic benefits is decreasing within this range of 465 initial aquifer conditions (Figure 3b ), reflecting the need for increasingly stringent pumping 466 reductions as the prior level of depletion increases. Contrastingly, for low or high initial sat-467 urated thickness, the optimal pumping quota is equal to a rate that effectively matches unre-468 stricted rates of abstraction (i.e. no pumping quota increases farmers' economic benefits). It eas may benefit economically from implementing groundwater conservation to limit future de-473 pletion. However, it should be noted that the magnitude specific local benefits will be influ-474 enced by local biophysical, behavioral, and economic factors, and, therefore, further site-specific 475 analysis would be need to make predictions for specific locations across the aquifer.
476
To explain the impacts of prior depletion on the value of groundwater management that 484 are observed in Figure 3 , it is necessary to consider the feedbacks between saturated thick-485 ness and well yield in our integrated modeling framework. Imposing pumping quotas leads 486 to reductions in the annual volume of groundwater that is abstracted, and, consequently, slows 487 the reduction in aquifer water levels over the 50-year simulation period. When initial saturated 488 thickness is large, drawdown of water tables has no effect on borehole well yields as water 489 levels remain sufficiently high throughout the simulation period to maintain well yields at their under an optimal pumping quota, relative to a scenario of unrestricted groundwater abstraction, for different levels of initial saturated thickness. For each initial saturated thickness, panel (b) shows the economically optimal groundwater pumping quota (1000 m 3 yr -1 ) that is selected by the model. Note, results for initial saturated thickness above 60 m are not displayed as no benefits are observed in this range. The optimal pumping quota is also not displayed for saturated thickness values of less than 12m or greater 42m, as, for these initial conditions, our model finds that it is not optimal economically to restrict groundwater pumping. ing quota (180,000 m 3 yr -1 ) is imposed relative to when abstraction is unrestricted. Note that 496 in both unrestricted and optimal pumping simulations, water levels appear to be effectively con-497 verging to the same steady-state condition. This is because, as well yields are reduced, annual 498 groundwater pumping also decreases due to reductions in irrigated area. A steady-state well 499 yield thus exists, at which it is not optimal economically or possible physically to pump more 500 than the natural rate of recharge. This well yield is associated with a specific saturated thick-501 ness and pumping lift ( Figure 2) , and, as a result, water levels stabilize at this point. The im-502 pact of conserving groundwater is simply to modify the pathway and time to reach this steady-503 state condition. It is important to highlight that this result emerges, in part, because we assume 504 in our model that farmers can't drill additional wells to increase total pumping capacity. We 505 discuss this simplification in detail in Section 5.2, but also note that, in many regions expe-506 riencing chronic aquifer depletion, there are moratoriums in place that limit new well drilling 507 for irrigation.
508
The effect of pumping restrictions on the trajectory of aquifer depletion and well yields, year planning period (for an initial saturated thickness of 22m). Figure 3a demonstrates that 531 these economic gains from regulation are correlated strongly with increases in total irrigation 532 corn production, which are achieved because pumping restrictions limit declines in irrigated Figure 6 shows the change in net present value from imposing an optimal pumping quota, 541 relative to unrestricted abstraction, for different initial aquifer conditions and recharge rates.
542
For each recharge condition, Figure 6 demonstrates that the value of groundwater conserva-543 tion remains strongly dependent on initial saturated thickness. However, important differences 544 can be observed in the economic gains from restricting abstraction. In particular, as recharge 545 rates are decreased, the range of initial conditions over which restricting abstraction will im-546 prove farmers' net economic returns expands. For the low recharge scenario (10 mm day -1 ) 547 restricting abstraction will have a positive economic impact when initial saturated thickness 548 is between 10 m and 50 m, whereas for the high recharge scenario (50 mm day -1 ) the range 549 is significantly narrower (12 m to 32 m). well yields will only be significantly impacted during the simulation period if extensive prior 561 depletion already has occurred. The range of initial aquifer conditions for which irrigated pro-562 duction is negatively impacted during the planning horizon, and for which it is beneficial there-563 fore to restrict abstraction, is smaller in systems that have higher recharge rates. Moreover, in 564 these systems, the long-term gains from regulation are expected to be greater due to the fact 565 that water levels and well yields potentially can be stabilized with modest reductions in an-566 nual extraction, which would not be practical economically in aquifers with lower rates of recharge. The effects on the estimated value of groundwater conservation of varying the relation-569 ship between saturated thickness and well yield are shown in Figure 7 . Aquifer hydraulic con-570 ductivity impacts the magnitude of economic benefits from restricting groundwater pumping, 571 and also the optimal time for regulation. As hydraulic conductivity is increased, Figure 7 demon-572 strates that economic gains from limiting groundwater abstraction are constrained to a lower 573 range of initial aquifer conditions (10 m to 36 m when conductivity is equal to 50 m day -1 ).
574
Contrastingly, for less conductive aquifers, benefits from regulation are distributed over a wider 575 range of initial aquifer conditions (18 m to 54 m when conductivity is equal to 10 m day -1 ). there may be only minimal economic benefits from restricting pumping before significant de-587 pletion has occurred. Beyond this point, however, there may be large value in restricting pump-588 ing to avoid rapid reductions in well yields and associated impacts on irrigated production ar-589 eas. In contrast, low conductivity aquifers (e.g., minimally fractured hard-rock systems) ex-590 perience reductions in well yields for much smaller levels of depletion as water table draw-591 down is concentrated in the vicinity of the borehole itself. Pumping restrictions will be required 592 earlier along the depletion pathway in these aquifers, and economic gains will decline to zero 593 long before aquifer storage can be fully exhausted hydrologically. Table 2 ) dampens the potential value of 598 conservation. Positive benefits from conservation are found for slightly larger initial saturated 599 thickness, and returns to conservation decline to zero earlier. In contrast, increasing crop tol-600 erance to soil moisture deficits (parameter set 3 in Table 2 ) has markedly less impact on the 601 value of conservation relative to the base case simulation (parameter set 2 in Table 2 ). Indeed, 602 the main effect of increasing tolerance to water stress is a small shift in the optimal window 603 to restrict abstraction. (Table 2) . Note, results for initial saturated thickness above 60 m are not displayed as no benefits are observed in this range. These results capture the complex effects of intraseasonal and seasonal groundwater sup-610 ply restrictions on crop production. The sensitivity of simulated crop production to water sup-611 ply restrictions is affected by the parameters in Table 2 , which describe the degree of soil mois-612 ture deficit a crop can tolerate before growth processes are inhibited and yields begin to be 613 reduced. Parameter set 1 is characteristic of a corn variety that is highly sensitive to soil mois-614 ture deficits. For parameter set 1, the farmer may benefit from conserving groundwater to main-615 tain higher well yields and limit intraseasonal irrigation constraints. However, the costs of con-616 serving groundwater are high because, for parameter set 1, the crop is also highly sensitive 617 to reductions in total seasonal irrigation. The economic and biophysical benefits of restrict-618 ing abstraction to slow declines in well yields therefore are more limited for crops that have 619 -24-Confidential manuscript submitted to Water Resources Research low tolerance to soil moisture deficits. In contrast, parameter set 3 represents a crop that has 620 high tolerance to soil moisture deficits during the growing season. Nevertheless, our model 621 still finds significant value in conserving groundwater to limit reductions in well yields for this 622 parameter set. This is because low well yields lead to the build up of severe persistent soil mois-623 ture deficits over a growing season, which will have negative impacts on yields even for more 624 drought tolerant corn varieties. Indeed, the effects of initial aquifer conditions on the value of 625 groundwater conservation show only limited differences between parameter sets 2 and 3. These 626 findings highlight the complex effects that differences in crop tolerance to water stress (e.g.,
576
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between crop varieties/types or farmers) may have on the spatial and temporal value of ground-628 water conservation. It is important to note that we assume changes in water stress thresholds 629 for different crop growth processes are not independent. In reality, different varieties may have 630 greater/lesser drought tolerance for specific aspects of development (e.g. canopy expansion, 631 pollination), and this will also influence the potential benefits of groundwater conservation. The results presented in Section 4 highlight that initial aquifer conditions are an impor-635 tant, but previously unappreciated, factor governing welfare benefits from groundwater con-636 servation. We demonstrate that a range of initial conditions exist for which reducing extrac-637 tion, either through regulatory intervention or behavioral change, can extend the usable life-638 time of an aquifer for irrigated crop production, and maximize the economic benefits from lim-639 ited groundwater resources. In contrast, efforts to reduce groundwater pumping too early will 640 constrain unnecessarily groundwater-fed irrigation. Similarly, conservation that is introduced 641 after extensive depletion has occurred will be unable to limit the loss of drought resilience or 642 the negative economic impacts of the transition from high value irrigated agriculture to low 643 value dryland production. Our model provides useful insights for policymakers about where 644 and when to target groundwater conservation efforts to have the greatest positive impacts on 645 productivity and profits. This information is especially valuable given that groundwater man-646 agement is politically challenging, time consuming, and expensive to implement and enforce 647 [OECD, 2015] . For example, our findings suggest that some of the potential benefits from con- 
652
Our analysis in this paper is field-level in scale. However, our results also provide valu-653 able insights that can help to guide and inform regional groundwater management and pol-654 icy analysis. Aquifer depletion will have differing effects on well yields for individual farm-655 ers. Variability in well yields, and their relative impacts on crop yields and profits, will arise 656 due to heterogeneity in aquifer properties, soil types, climate, crop varieties, well depths, and 657 economic costs between producers. The effects of drawdown on well yields thus adds an ad-658 ditional dimension to common-pool externalities of groundwater pumping, which previous eco-659 nomic studies have assumed are related solely to changes in pumping costs. Our findings in-660 dicate that there will be large spatial and temporal heterogeneity in the value of groundwa-661 ter conservation, due to the distributional effects of depletion on farm profits that occur via 662 changes in well yields. Moreover, we suggest that targeting groundwater management to pro-663 ducers whose well yields are most sensitive to further depletion is likely to result in greater 664 welfare benefits than policies that are applied uniformly. and agricultural productivity. We suggest that such models therefore will be unable to provide 669 reliable insights about the distributional impacts of depletion, or about how policies to con-670 trol groundwater use should be implemented spatially and temporally to maximise welfare ben-671 efits from limited groundwater resources.
672
An important area for future development of our work is to extend our model to a more 673 complex, regional aquifer in order to quantify the benefits from policies that target explicitly 674 the distributional effects of well yields on crop productivity and profits. Scaling to a regional 675 case study is likely to require simplification of some aspects of our model framework. are a useful approach for integrating hydrologic dynamics within multi-disciplinary policy mod-684 els in a computationally efficient manner [Gorelick, 1983; Harou and Lund, 2008; Ahlfeld et al., 685 2009]. This approach has been used in a number of hydro-economic studies of groundwater 686 management [Peña-Haro et al., 2009; Mulligan et al., 2014; Mulligan and Ahlfeld, 2016] , and 687 could be adopted to limit computational demands when scaling our analysis to larger systems.
688
Finally, our focus in this study is on an aquifer that is experiencing chronic long-term 689 depletion, and where significant water use reductions are needed to stabilize groundwater lev- this study. However, it is relevant to discuss briefly how connectivity between surface water 698 and groundwater may affect the relationship between initial aquifer conditions and benefits from 699 groundwater conservation. We hypothesize that a plot of the benefits of conservation as a func-700 tion of initial saturated thickness (e.g. Figure 3 ) in these systems would display two distinct 701 peaks. The first, for large saturated thickness, would represent the benefit of conserving ground-702 water to maintain connectivity with surface water systems, which have benefits for both the 703 environment and surface water irrigation. The second peak, for lower saturated thickness, would 704 capture the benefits of minimizing well yield reductions when surface water discharges have 705 been captured fully. We suggest testing this hypothesis as an interesting area for future work 706 in areas where streamflow depletion is the more important driver for groundwater conserva-707 tion. based on observed pre-season aquifer conditions. In the absence of pumping restrictions, the 715 farmer does not account for the impacts of extraction on the future availability and cost of ground-716 water beyond the end of the upcoming growing season. In the real-world, some farmers may 717 not act myopically, and, alternatively, may behave in a manner that it is dynamically optimal 718 by either conserving groundwater for future periods or increasing extraction rates to avoid fu-719 ture capture of common-pool groundwater by neighboring irrigators [Pfeiffer and Lin, 2012; 720 Suter et al., 2012; Guilfoos et al., 2013] . We do not consider interactions between multiple farm-721 ers in this study, but it is likely that the private and social benefits of groundwater conserva-722 tion would be even larger than predicted in Sections 4. assumption means that potential agricultural production beyond year 50 has no economic value.
758
Where policymakers or stakeholders care about maintaining irrigated agriculture and other ben-759 eficial uses of groundwater for longer periods, it may be optimal to restrict pumping earlier 760 and more stringently in order to ensure sustainable long-term groundwater use. Additionally,
761
our analyses also assume that pumping quotas are applied as a constant constraint over each 762 50-year simulation period. This assumption reflects the fact that it is politically challenging 763 to implement regulations in the real-world, and once regulations are introduced they are of-764 ten hard to adjust over time [OECD, 2015] . However, in a dynamically optimal setting, it is 765 likely that additional benefits could be obtained from implementing variable quotas that are are spatially and temporally heterogeneous, and assess how effective different policies are at 782 maximizing regional welfare benefits from groundwater conservation. Furthermore, future anal-783 ysis should also consider farmers' individual ability to mitigate costs of groundwater conser-784 vation through improved field-level management practices that enable irrigation to be reduced 785 with less impacts on crop yields and profits than predicted currently by our model. For ex-786 ample, farmers may be able to offset some costs of conservation by adopting techniques to 787 reduce non-consumptive irrigation losses to soil evaporation (e.g. soil mulching), or switch-788 ing to crops that have higher economic value per unit of applied water (e.g. switching from 789 corn to high-value vegetables).
790
Finally, in our model we assume that well yield is only limited by available saturated 791 thickness. Saturated thickness is an optimistic measure of when well yields will be affected 792 by depletion, and, in practice, farmers' may experience reductions in pumping capacity long ter economics has considered adequately the costs of well drilling and pump replacement as 801 an aquifer is depleted. However, in the majority of aquifers around the world, these costs are 802 likely to represent a significant impact of long-term depletion for producers, which may en-803 hance the economic and societal value of conserving groundwater stocks.
804
6 Conclusions
805
In this paper, we extend the literature on the economics of groundwater by analyzing 806 how the value of groundwater conservation is influenced by initial aquifer conditions at the 807 time pumping reductions are implemented. We develop an integrated modeling framework that 808 accounts explicitly for reductions in well yields as an aquifer is depleted, and the non-linear 809 impacts that these changes have on farmers' ability to buffer production against climate vari-810 ability. Through a case study in the High Plains Aquifer, we demonstrate that the value of ground-811 water management is affected strongly by initial aquifer conditions. Our results show that there 812 -30-Confidential manuscript submitted to Water Resources Research are 'windows of opportunity' when it is optimal economically to restrict pumping in order to 813 minimize future declines in well yields and maximise the long-term capacity of groundwater 814 stocks to support irrigated agriculture. Finally, sensitivity analyses are used to illustrate how 815 the impacts of initial aquifer conditions on returns to conservation are influenced by local prop-816 erties of both the hydrological system and agricultural production.
817
Our findings have important implications for research and policy related to groundwa-818 ter management. We suggest that, in a depleting aquifer, efforts to reduce groundwater use should 819 be targeted spatially and temporally to minimize future reductions in well yields and resul-820 tant negative impacts on agricultural productivity and resilience to drought. In contrast, con-821 servation policies that are implemented in areas that have experienced limited depletion to date, 822 or conversely in regions which the aquifer already is close to exhaustion, are unlikely to be 823 welfare-increasing for agriculture. This paper also highlights that existing hydro-economic mod-824 els will underestimate the true economic benefits for farmers from groundwater conservation.
825
Current models assume that depletion impacts agriculture through changes in marginal pump-826 ing costs that are linear with depth. However, our findings demonstrate that the non-linear ef-827 fects of well yield reductions on the long-term productivity of groundwater creates a large ad-828 ditional incentive for producers to limit groundwater depletion, which has not previously been 829 considered in integrated model analysis of aquifer management.
830
Future work should seek to extend the analyses and model developed in this paper to 831 provide a comprehensive methodology for estimating the long-term value of groundwater man-832 agement in more complex, regional settings. In particular, research should evaluate the dis- 
